The cerebral blood volume (CBV) is sensitive to changing hydrostatic pressures. Thus, measurement methods that rely on removing tissue from unfixed brain may lead to underestimates of the CBV due to the loss of blood from the tissue. In situ fixation of tissue before removal may offer improved accuracy. We employed a triple-label method to measure simultaneously whole brain CBF and CBV in halothane-anesthetized Sprague Dawley rats, which were then killed either by focused microwave irradiation (=8 kW of incident power x 770 ms) or by decapitation. CBF was measured with eHJni cotine while the CBV was determined as the sum of the cerebral red cell volume (CRCV-measured with 99mTc_ labeled red cells) and the cerebral plasma volume (CPV measured with [14C]dextran). Animals were studied dur ing hypocarbic (Paco2 = 25 mm Hg), normocarbic, or hypercarbic (P aco2 = 70 mm Hg) conditions. Added
Summary:
The cerebral blood volume (CBV) is sensitive to changing hydrostatic pressures. Thus, measurement methods that rely on removing tissue from unfixed brain may lead to underestimates of the CBV due to the loss of blood from the tissue. In situ fixation of tissue before removal may offer improved accuracy. We employed a triple-label method to measure simultaneously whole brain CBF and CBV in halothane-anesthetized Sprague Dawley rats, which were then killed either by focused microwave irradiation (=8 kW of incident power x 770 ms) or by decapitation. CBF was measured with eHJni cotine while the CBV was determined as the sum of the cerebral red cell volume (CRCV-measured with 99mTc_ labeled red cells) and the cerebral plasma volume (CPV measured with [14C]dextran). Animals were studied dur ing hypocarbic (Paco2 = 25 mm Hg), normocarbic, or hypercarbic (P aco2 = 70 mm Hg) conditions. Added
The cerebral blood volume (CBV) is measured by determining the brain distribution space for nondif fusible red cell and/or plasma markers. Typical trac ers include 51Cr_, 99mTc_, or Cl50-labeled red cells, or 99mTc_ or radioiodine-labeled albumin. In hu mans and in large animals, the brain concentration of such radioactive compounds can be determined in vivo by external detectors (Risberg et aI., 1969; Phelps et aI., 1979; Lammertsma et aI., 1984; Pow ers and Raichle, 1985; Sakai et aI., 1985; Artru, 1988; Archer et aI., 1990) . If the arterial concentra-studies were performed to verify that the microwave ir radiation scheme used was capable of fixing previously administered tracers in place, and also halting the entry of tracer given after irradiation. Results indicate that the method of killing had no effects on CBF measurements, as assessed either by absolute values during normocarbia or responsiveness to changing Paco2. However, all three volume measurements made using nondiffusible tracers (CRCV, CPV, and CBV) were significantly lower in ani mals killed by decapitation. Furthermore, CO2 respon siveness for all three variables (as assessed by the slope of the P aco2/volume) was not evident in decapitated ani mals. We conclude that in situ fixation offers significant advantages when examining the cerebral distribution space of nondiffusible tracers. Key Words: Cerebral blood flow-Cerebral blood volume-Microwave irradiation.
tion of the tracer is known, the cerebral plasma vol ume (CPV), cerebral red cell volume (CRCV), and total CBV can be calculated. Unfortunately, many of these noninvasive methods are not readily appli cable to small animals and most laboratory investi gators either use transit time methods (Shockley and LaManna, 1988) , or administer a nondiffusible, radioactive tracer, kill the animal, and remove a sample of brain tissue in which the tracer concen tration is measured (Cremer and Seville, 1983) .
We believe that there may be some difficulties with this latter method, in spite of widespread use. The CBV is clearly influenced by intravascular pressures in the cerebral vascular bed (or, more precisely, by transmural, distending pressures). For example, Brazy (1988) has shown that CBV rises in infants during crying, an event that increased both the arterial and central venous pressure, while Yas hon et ai. (1971) showed that the intracranial pres sure (ICP) increased rapidly when cardiac action ceased during a cardiac arrest (as the venous pres-sure rose) and then fell when the major vessels were severed. There are important methodologic impli cations of such "passive" changes in CBV. When an animal is killed by decapitation, or when the un fixed brain is removed from the skull of an animal killed by a drug overdose, intravascular pressures fall to zero, and blood (along with any nondiffusible tracer) will drain out of the tissue. The tissue tracer concentration will then be lower than was actually present during life, and the calculated CBV will be artifactually reduced. This concern was voiced re cently by Vetterlein et al. (1990) , and there is also evidence in support of this hypothesis. In particu lar, CBV values determined by such direct tissue sampling are lower than values obtained when the CBV is measured in vivo, or when animals are killed by methods that served to "fix" blood in situ (e.g., rapid freezing). Cremer and Seville (1983) found CB V values in rats of 0.6-1. 4 ml 100 g -1, while Shockley and LaManna (1988) , using transit time measurements, measured a whole brain CBV of 3.4 ml 100 g -1. Everett et al. (1956) killed rats by immersion in liquid N2 and obtained values of 3.0 ml 100 g-l.
To investigate this issue directly, we compared whole brain measurements of CPV, CRCV, and to tal CBV in animals killed by decapitation with val ues obtained after rapid in situ fixation of the brain by focused microwave energy. We also determined the response of these variables to changes in P aco2 and have compared these with changes in cerebral blood flow (CBF) measured simultaneously using a diffusible tracer.
METHODS
All experiments were approved by the University of Iowa Animal Care and Use Committee. Sixty male Sprague-Dawley rats (Harlan Sprague-Dawley, India napolis, IN, U.S.A.) weighing 365-400 g were used. Each rat was placed in a plastic box and anesthetized with 4--5% halothane in oxygen. When asleep, the animal was removed from the box, a tracheostomy was performed using a 14-gauge cannula (after lidocaine infiltration of the skin and subcutaneous tissues), and the animal was ven tilated with a tidal volume of =3.5 ml at a rate of =50-55 breaths/min, using an inspired gas mixture of = 1.1 % halo thane in 40% 02lbalance N2. The rectal temperature was maintained at 37-38°C. Both groin areas were infiltrated with lidocaine, and bilateral femoral arterial and venous catheters (PE-50) were placed. The arterial pressure was thereafter monitored and the mean arterial pressure (MAP) was maintained at values of ",, 90 mm Hg by the infusion of whole blood obtained from donor animals.
When surgery was complete (which required about 55 min), animals were given 0.7 mg of pancuronium and 70 IU of heparin and were assigned to one of two groups according to the planned method of killing. Assignment was made according to a predetermined, random se quence. Animals in the microwave fixation group were placed prone in a plexiglass cylinder, with the head se cured into a preformed cone at one end (using sutures passed around the upper incisors and out through the apex of the cone). This holder was then placed into the chamber of a microwave unit (Metabolic Vivostat, Cober Electronics, Stamford, CT, U.S.A.), with the head posi tioned within the focal area of the waveguide. Animals to be decapitated were placed prone with the neck in a stan dard laboratory guillotine. In both groups, care was taken to insure that the position of the head relative to the body was similar (i.e., the animal was horizontal with very little head elevation) and that there was no compression of tissue in the neck.
After positioning, animals were again assigned to one of three subgroups based on target Pac02's of 25, 40, or 70 mm Hg. The ventilator rate was increased to 75 beats/min and the tidal volume increased to 4.5 ml in all animals. The P aco2 was thereafter adjusted by the addition of CO2 to the inspired gas mixture. Arterial blood gases were checked at 10, 20, and 30 min after group assignment to insure a stable P aco2 close to the desired target value.
At the end of this period, and after a final blood gas was checked, a blood "blank" was drawn and the animal was intravenously injected with a mixture of 0.2-0.3 ml of 99mTc-Iabeled rat red blood cells (=30 Il-Ci) and = 12 Il-Ci of e4Cjdextran (New England Nuclear, Boston, MA, U.S.A.; specific activity = 1 mCi g-l). Eight minutes later, an intravenous infusion of 50 Il-Ci of eHjnicotine (also New England Nuclear; specific activity = 70 Ci mmol-1 ) diluted in 0.6-0.7 ml of saline was started. This was infused at a calibrated rate of 0.726 mUmin for 40 s using a Model 940 reciprocal pump (Harvard Instru ments, South Natick, MA, U.S.A.). During this period, arterial blood was simultaneously withdrawn into a pre weighed syringe at the same rate (using the same pump). At the end of this interval, the infusion and withdrawal lines were clamped (to insure no further movement of isotope either into or out of the animal) and the pump was stopped (by means of a timer). The brain was then either fixed in situ by microwave irradiation (=8 kW incident power x 770 ms) or the animal was decapitated. Approx imately 2 ml of blood was drawn as rapidly as possible from the remaining arterial catheter and used for the de termination of arterial hematocrit (Hct) as well as whole blood and plasma 99mTc and 14C activity.
Sample processing
Brain. The brain was removed from the skull as quickly as possible, the sagittal sinus and any adherent dura were removed, and the forebrain and hindbrain separated at the level of the colliculi. The forebrain was then divided into left and right hemispheres. These pieces were then transferred into individual 15 x 85 mm test tubes and weighed. (Note that the cerebral hemispheres were actu ally cut into anterior and posterior portions to facilitate processing. The values for these two portions were com bined into a single hemispheric value for final analysis.) 99mTc radioactivity in each tube was determined using a well counter (see below). The tissue samples were then transferred into scintillation vials and mixed with 4 ml of TS-l solubilizer (Research Products International, Mt. Prospect, IL, U.S.A.). The vials were placed in an oven at 50°C for 24 h until the tissue was dissolved. The con tents were neutralized with glacial acetic acid and sus-pended in 14 ml of 3a70 scintillation cocktail (also from Research Products International).
Blood. 99mTc activity was determined in 50 /Ll samples of whole blood. Additional 50 /Ll samples of separated plasma were placed in scintillation vials, mixed with sol ubilizer (TS-l), heated to 50°C, and finally neutralized with glacial acetic acid and suspended in 3a70.
The volume of blood in the withdrawal syringe and its attached PE-50 tubing was determined by weighing [after rinsing the tubing with 0.5 ml of heparin (1,000 U ml-I) and correcting for the specific gravity of the blood/ heparin mixture]. Fifty microliter samples of this saline blood mixture were solubilized, decolorized with benzoyl peroxide, neutralized as above, and suspended in 3a70. After counting, the values were used to calculate the total 3H activity in the withdrawal syringe. In addition, 50 /Ll samples of whole blood were also processed and counted in a similar manner.
Sample counting. 99mTc activity was determined in tis sue and blood using a well counter (Logic Model 111 Well Counter, Abbott Laboratories, Chicago, IL, U.S.A.). Counts from all samples were backcorrected to a fixed point in time, using a 99mTc half-life of 6.1 h. All scintil lation vials were stored in the dark for 1 week to allow for the decay of 99mTc activity. 14C and 3H activities were then determined in a Searle Mark III Model 6880 counter (Tracor Analytic, Middleton, WI, U.S.A.).
Calculations
Volumes were calculated according to the following equations: The specific activity of red blood cells (RBCs) was calculated as 99mTc/50 /Ll of WB where WB = whole blood. The CRCV was calculated as 99mTc/g of brain CRCV = 99mTc//L1 of RBCs
The CPV was calculated as
For both the CRCV and CPV, the resultant values were converted to units of ml 100 g-I. The total CBV (also ml 100 g -1) was calculated as the sum of the CRCV and CPV, while the cerebral tissue Hct was calculated as
The CBF (in ml 100 g -I min -I) was calculated by the indicator fractionation method (Van Uitert and Levy, 1978; Ohno et aI., 1979; Patlak et aI., 1984) , where
The reference syringe flow was 0.726 mllmin. 
Other experiments
Tracer fixation/washout studies. To verify that micro wave irradiation actually stopped cerebral perfusion and that it fixed the tracers in situ, a separate series of exper iments was performed in small groups of animals.
In group A, three rats were prepared as above, but received only = 10 /LCi of [14C]dextran tracer (i.e., no [99mTc]_ and no eH]nicotine). Animals were microwave irradiated, and cerebral plasma volume was determined as the ratio of brain tissue to arterial plasma 14C activity (see above).
In group B, to verify that the administered tracers were "fixed" in situ by microwave irradiation, three rats were prepared as above but given only [14C]dextran. Immedi ately after microwave irradiation of the head, a sample of arterial blood was drawn, the chest was opened, and transcardiac perfusion of the upper half of the animal's body was carried out with = 1 L of saline, with a perfusion pressure of =100 mm Hg. The brain was then removed. Both plasma and brain [14C]dextran activities were deter mined as above.
In group C, to verify that tracer was not bound to ce rebral tissue in unirradiated animals, three rats prepared as noted were given p4C]dextran. Eight minutes later, after a blood sample was obtained, these animals under went transcardiac perfusion with saline as noted above. The CPV was calculated as above.
In group D, to insure that cerebral perfusion was stopped by microwave irradiation, three animals were prepared as above and microwave irradiated. Note that this process does not stop the heart. Immediately after irradiation, =10 /LCi of [14C]dextran was given intrave nously and allowed to circulate for = 1 min. A sample of arterial blood was drawn, the animal was then removed from the chamber, and the brain removed. Both tissue and plasma [14C]dextran activities were determined and the CPV calculated as above.
Red cell labeling and other tracer considerations
RBCs were labeled with 99mTc using a Cadema Medical Products (Middleton, NY, U.S.A.) kit. Approximately 4 ml of whole blood from a donor rat was injected into a vial containing 2 /Lg of tin, 3.7 mg of sodium citrate, and 5.5 mg of dextrose. One milliliter of 4.4% EDT A was added, and after mixing, the tube was centrifuged and 1 ml of packed cells removed. These cells were then injected into a second vial containing = 100 /LCi of sodium pertechne tate (99mTc) in 0.5 ml of saline. This was mixed gently for at least 10 min before injection into the animal.
The [14C]dextran had a specific activity of 1 mCi g-1, and only =10-12 mg of dextran was given to each rat. There were no problems with hypotension during injec tion.
Tracer partitioning. The ideal red cell or plasma marker would reside only in the desired fraction of blood. Hence, we examined the partitioning of both 99mTc and [14C]dex tran.
99mTc. Since it is difficult to obtain red cells free of plasma, the determination of the 99mTc distribution in volved counting whole blood and then determining the residual activity in plasma after the blood was centri fuged. Extensive trials indicate that 97.3 ± 0.4% of 99mTc activity is confined to the red cell fraction. In view of the remarkable consistency of this value, it is no longer de termined in each experimental animal.
[14C]dextran. The distribution of 14C activity between red cells and plasma was also determined. This calcula tion involves counting the 14C activity in a sample of whole blood and then calculating the "predicted" amount of radioactivity in plasma (using the measured blood he matocrit). This predicted value is then compared with that measured in a sample of plasma. For an ideal plasma marker, these values should be identical, i.e., partition fraction of 100% would be found. Extensive trials have shown that unlike 99mTc, there is far more variability in this value, and hence it is calculated for every animal. In particular, occasional animals appear that have very low partitioiling fractions, and hence we routinely eliminate those animals with fractions of :;;; 80%. When these are eliminated, calculations from the last 120 animals studied indicate that 107 ± 13% of 14C activity is found in the plasma fraction. At first glance, this value is surprising since it indicates more activity is present in separated plasma than pre dicted from measurement of activity in whole blood. We believe that this is related to processing and counting. In the current study, the value did not vary with experimen tal group (e.g., microwave, decapitation, or PaCOZ)' It does vary with practice, since much lower values were obtained in our early experience with this method. An other factor involved scintillation counting and color quenching. The whole blood samples (used to determine the "predicted" plasma activity) are slightly colored, while samples of separated plasma much less so. These differences in color quenching appear to be minor, and we earlier abandoned the use of a colored quench curve be cause of the minimal coloring produced by the blood sam ples. However, since an uncolored quench curve was used to calculate 14C dpm values, some error might be possible. Note, however, that all actual determinations of the CPV rely on radioactivity determinations in plasma, not whole blood.
Statistical analysis
To simplify comparisons, animals were grouped ac cording to their "target" PaCOZ values (25, 40, and 70 mm Hg) and according to the method of killing (microwave or decapitation), and a two-way factorial analysis of vari ance (ANOV A) was performed for all variables. In addi tion, we examined the relationships between the actual P aCoZ and CBF, CRCV, CPV, and CBV by one-factor analysis of covariance (ANCOV A), with the method of killing as "group," P aCoZ as a cofactor (regressor), and the measured value as the dependent variable. These were all plotted as scattergrams, and a best-fit line plotted where appropriate by linear regression (Note that while nonlinear regressions were examined, they did not yield statistically improved fits and hence were not used.)
All statistical analysis was performed using Statview II and SuperANOV A programs for Macintosh computers (Abacus Concepts, Berkeley, CA, U.S.A.).
RESULTS

Tracer fixation/washout studies
Data for the four methodologic test groups (A-D) are shown in Table 1 . The plasma radioactivity in all groups was similar, but brain radioactivity was much greater in the two microwave fixed groups.
Transaortic perfusion after microwave fixation (group B) did not significantly reduce brain 14C ac tivity compared with group A animals, indicating firm trapping of tracer in irradiated tissue. By con trast, saline perfusion almost completely removed brain radioactivity in unfixed rats (group C). Ani mals given [14C]dextran after microwave irradiation also had very low amounts of tracer in the brain, indicating the lack of tracer entry.
CO2 response studies
Data from 55 rats that completed the experiment were analyzed. Data from the other five were dis carded due to a low ['4C]dextran partitioning frac tion (:!S;80%) (see the Methods section). Only two of the remaining rats received blood for blood pres sure support (0.5 and 0.7 mI). The MAP, Rct, arte rial blood gases, and rectal temperature in the major groups (microwave and decapitation) and P aco2 subgroups are shown in Table 2 . The Paco2 and pR varied as intended. In both groups, the MAP during hypercarbia tended to be higher than during hypo carbia, but this did not achieve significance. The ar terial Rct was slightly lower in decapitated animals, but again this did not achieve significance.
Values for whole brain CBF, CRCV, CPV, and CBV, cerebral Ret, and brainlblood Rct ratio for animals in the normocarbic subgroups are shown in Table 3 . The method of killing did not effect the whole brain CBF, which was 96 ± 19 ml 100 g-I min -I in decapitated rats, and 101 ± 24 ml 100 g-I min -I in animals killed by microwave fixation. In contrast, the measured CRCV and CPV, as well as the calculated CBV, were significantly lower in de capitated animals compared with those in the mi- 2.01 ± 0.16 2.01 ± 0.21 0.06 ± 0.01 0.02 ± 0.01
All values are mean ± SD. See the text for more detailed descriptions of the group protocols. There were no significant differences between plasma 14C activity in the four groups. However, brain radioactivity (and calculated CPY values) were substantially higher in groups A and B than in groups C and D. 37.9 ± 0.2 37.8 ± 0.5 37.7 ± 0.2 38.0 ± 0.7 37.7 ± 0.4 37.6 ± 0. 7
All values are mean ± SO. As intended. Paco2 and pH values are significantly different for the three Paco2 subgroups, but there were no differences between the two methods of killing for any value.
crowave group. While the calculated cerebral Hct was lower in the decapitated animals, there were no significant differences in the ratio of brain to blood Hct between the groups. Scattergrams for CBF, CRCV, CPV, and CBV are shown in Fig. 1 through 4 . ANCOVA indicated no killing-related differences in the response of CBF to P a co2, with slopes of 2.65-2.85 ml 100 g-l min -1 per mm Hg change in P a co2 in the two groups. However, similar analysis indicated highly significant differences for all three volume measure ments. In all cases, both the Y intercepts and re gression slopes were significantly greater in animals in the microwave groups. For example, in Fig. 4 , the regression equation for total CBV in micro waved rats was CBV = 0.0143 P a co2 + 2.114 (r = 0.64, p = 0.01). By contrast, in decapitated ani mals, CBV = 0.0056 P a co2 + 1.306 (r = 0.37, not significantly different from zero). Comparison of the two regression lines by ANCOV A yielded a p value for the differences in slope of 0.04, and an overall intergroup difference of 0.0007.
Neither the cerebral Hct nor brain/blood Hct ra tio varied significantly with changing P a co2, regard less of the method of killing.
DISCUSSION
Clinicians have long known that the ICP fluctu ates with changes in the pressures acting on the cerebral vasculature. For example, Yashon et al. p Value p = 0.6239 p = 0.0001 p = 0.0001 p = 0.0001 p = 0.02 p = 0.19
All values are mean ± SD, obtained from animals in the normocarbic subgroups. p values are obtained from a one·way ANOVA comparing only the normocarbic subgroups.
J Cereb Blood Flow Metab, Vol. 13, No.2, 1993 (1971) noted that when a cardiac arrest was induced in dogs, the ICP rose rapidly (over seconds) as the right atrial pressure increased. When arterial and venous connections to the brain were severed, the ICP quickly fell to near zero as blood drained out of the tissue. Both Cuypers et al. (1976) and Raisis et al. (1979) also showed that the ICP increased di rectly as the venous pressure rose. In all of these cases, the changes observed in ICP occurred very rapidly and must have been due to changes in whole brain CB V. In support of this is the work of Brazy, who noted that in neonates, crying (which cyclically obstructs venous drainage) was accompanied by phasic increases in CBV (measured by transcranial infrared absorbtion/reflection) (Brazy, 1988) . A similar increase in CBV was seen with elevations in blood pressure (Brazy and Lewis, 1986) . For the microwave group, the regression equation for the line was CBF = 2.65 P aC02 -0.95 (r = 0.92), and for the decapitated group was CBF = 2.87 Pac02 -7.29 (r = 0.94). Such observations may have important implica tions for laboratories interested in the measurement of CBV. Volume measurements examine the cere bral distribution space of a nondiffusible tracer (that also cannot be bound to the vessel walls). In hu mans and large animals, the brain concentration of tracer is usually determined in vivo by some exter- The regression equation for the microwave group is CPV = 0.0096 Paco2 + 1.366 (r = 0.51), and CPV = 0.0041 Paco2 + 0.858 (r = 0.34, NS) for decapitated animals. For the microwave group, CBV = 0.0143 Paco2 + 2.114 (r = 0.64). For the decapitated animals, CBV = 0.0056 P aco2 + 1.306 (r = 0.37, NS).
nal detection method [e.g., Geiger counters, gamma cameras, single-photon emission computed tomog raphy (SPECT), and positron emission tomography (PET)]. In the small animal laboratory, a more di rect approach is often taken, which samples brain tissue directly. Unfortunately, this approach may yield values that do not accurately reflect condi tions in vivo if the tracer is lost from the tissue during processing. This loss could occur due to drainage of blood from the brain back into the cen tral circulation after death (but before brain re moval) and/or it could occur from vessels cut during removal of the brain or during the dissection of tis sue. A review of the available literature suggests that this possibility has generally gone unrecognized, al though Vetterlein et al. (1990) recently voiced this concern quite clearly. When the CBV is measured in small samples of brain tissue obtained after ani mals are killed either by drug overdose or decapi tation, the resultant values are lower than those ob tained from in vivo methods (e.g., using photoelec tric techniques or external radiation detectors) or when some attempt was made to fix the brain in situ before removal (e.g., by liquid Nz freezing). For example, Cremer and Seville (1983) , using a double tracer method, found that CBV values in rats killed by either decapitation or pentobarbital ranged from 0.7 to 1.4 ml 100 g -1. Crystal and Salem (1989) , also using two tracers, killed dogs by inducing ventric ular fibrillation and obtained CBV values ranging from 1.0 to 1.3 ml 100 g-I. These authors also ob served no changes in CBV in response to profound hemodilution. In single-label studies, Todd et aI. (1986) reported CBV values in rats ranging from 1.53 to 1.66 ml 100 g-I, while Lin et aI. (1990) re cently measured cerebral red cell volumes of 0.2 to 0.4 ml 100 g-I in most regions, using a 55Fe red cell label. If a cerebral Hct of 32% is assumed, this equates to a CBV value of 0.62-1.24 ml 100 g-I (our calculations). These values should be contrasted with CBVs obtained from living subjects. Grubb et aI. (1974) estimated a whole brain CBV = 3.5 ml 100 g-I by measuring the CBF and the transit time of 150-labeled red cells in primates. Numerous workers have reported CBV values between 3 and 5 ml 100 g-I in humans, using either SPECT or PET methods (Greenberg et aI., 1978; Phelps et aI., 1979; Lammertsma et aI., 1984; Powers and Raichle, 1985; Sakai et aI., 1985) . In rats, Shockly and La Manna (1988) used a combination of CBF measure ments and transit time measurements to estimate a whole brain CB V of 3.4 ml 100 g -I, while Sandor et aI. (1986) obtained a value of 4.7 ml 100 g-I using a photoelectric method.
Information is also available from small animals where some effort was made to "fix" intracranial blood in situ before removal of the brain. Everett et aI. (1956) used a double-tracer method e9Fe-tagged RBC and [13lI]albumin), and killed rats by immer sion in liquid N2. They obtained a CBV value for the cerebral hemispheres of 3.00 ml 100 g-I. Edvinsson et aI. (1971) also froze mice (by immersion) and found values of 3.2-3.7 ml 100 g-I. In a recent study, we measured whole brain cerebral plasma volumes with [I4C]dextran in rats whose brains were frozen in situ with liquid N2 using a surface funnel (Weeks et aI., 1990) . In normocarbic, halo thane-anesthetized animals, we obtained a CPV = 2.10 ml 100 g-1, which is equivalent to a total CBV value of =3.1 ml 100 g-I (again assuming a cerebral Hct of 32%). Finally, Pelligrino et aI. (1990) em ployed microwave irradiation to "fix" animals given sucrose as a plasma tracer and obtained cal culated regional volumes ranging from 3.5 to 7.9 ml 100 g-l.
These observations provide only circumstantial support for our concerns, and hence we undertook the current study to compare directly the effects of different killing methods. Since the simple demon stration that one method yielded higher CBV values than another would be insufficient to prove that one was "correct," we chose to examine the respon siveness of the CBV to a widely used physiologic stimulus, i.e., changing the Paco2. We also elected to compare the effects of two killing techniques on J Cereb Blood Flow Metab, Vol. 13, No.2, 1993 the distribution of both a nondiffusible and a diffus ible tracer by determining blood volume and CBF, In fact, it was our desire to measure both flow and volume that led to the selection of microwave fixa tion over in situ freezing. Freezing of the brain with liquid N2 is not instantaneous, Work by Ponten et aI. (1973) and direct measurement in our own labo ratory indicate that 30-45 s are required for full depth freezing of the rat brain. However, most iso topic CBF techniques require a well-defined "stop flow" time for accuracy (Patlak et aI., 1984) , Hence, we turned to the use of focused microwave irradiation. Early work indicated that this method could increase the brain tissue temperature to val ues in excess of 80°C in less than 1 s, thereby co agulating essentially all tissue proteins (Moroji et aI., 1977) . Direct measurements with our own unit demonstrated that the application of 8 kW of inci dent power for =700-800 ms would elevate central brain temperature to 80-90°C. We then carried out the preliminary experiments noted above to confirm that this method (a) rapidly halted cerebral perfu sion and (b) firmly fixed a plasma tracer in situ, Our triple-label tracer method for measuring the CBF, CPV, and CRCV also requires comment. We selected the eH]nicotine indicator-fractionation CBF method both for convenience (since long vas cular catheters are needed for an animal positioned in the microwave chamber, a factor that makes it difficult to collect timed arterial samples accurately without excessive smearing) and because the method allows accurate measurements over a wide range of flows (Ohno et aI., 1979) . 99ffiTc-Iabeled red cells were chosen because this isotope has a short half-life (6.1 h), and its concentration can be deter mined in a gamma counter that is "blind" to 14C and 3H. 99mTc activity can hence be determined imme diately after the tissues are harvested. If 99ffiTc is then allowed to decay, the remaining [3 activity can be determined by standard scintillation methods. Dextran was chosen as a large molecular weight (70,000) plasma tracer largely because of its avail ability in a [3-labeled form. Extensive studies in our laboratory of its red cell/plasma partitioning dem onstrates a mean "plasma labeling efficiency" (see above) of =100%,
Our results appear to confirm our hypothesis, While microwave fixation did not alter the distribu tion of a highly diffusible tracer (eH]nicotine), it resulted in significantly higher values for all volume measurements (which depended on a nondiffusible marker), Furthermore, changes in CBV with vary ing P aco2 in microwave fixed animals appear to be more in keeping with measurements that have been made in vivo, For example, Grubb et al. (1974) found that the slope of the Paco2/CBV response curve in primates was 0.041 ml 100 g-l per mm Hg change in P aco2' while Greenberg et aI. (1978) found a slope of 0.049-0.053 ml 100 g-l per mm Hg in humans. Similar findings have been noted by others (Risberg et aI., 1969; Smith et aI., 1971; Sakai et aI., 1985; Archer et aI., 1987 Archer et aI., , 1990 Sabatini et aI., 1991) . In our microwave fixed rats, the slope of the response curve was 0.0143 ml 100 g-l per mm Hg change in P aco2' While this slope appears to be lower than that noted in awake primates and hu mans, it was also significantly greater than the re sponse seen in decapitated rats, where this slope was only 0.0056 ml 100 g-l per mm Hg, a value statistically indistinguishable from zero (p = 0.09).
Since in vivo experiments have shown that the CBV responds to P aco2' it seems reasonable to conclude that decapitation yields a nonphysiologic value for CBV. This could be explained as follows. While the actual distribution space for nondiffusible tracers does vary with P aco2 in vivo, when the animal is killed and the unfixed brain removed, distending pressures decrease to zero and blood drains from the tissue. This postmortem change obliterates any differences that might have been present during life.
There is, however, an alternative possibility. We measured flow and volume in the entire brain (less the major venous sinuses and arteries), while many of the aforementioned authors have determined ra dioactivity in very small tissue samples. We do not know precisely the distribution of blood volume throughout the brain, but autoradiographs of non diffusible tracers indicate that a substantial portion of the tracer can be found in relatively large pene trating vessels. It is possible that small sample methods are simply weighted toward the "capil lary" blood volume, while our method includes the volume present in vessels of various sizes. It is also possible that the true "capillary" CBV is indeed lower than whole brain CBV and does not respond to changing P aco2' While we consider this unlikely in light of the available in vivo data, it would explain why Gobel et aI. (1989) were unable to find any increase in the number of perfused capillaries dur ing hypercarbia in awake rats (killed by decapita tion), even though the CBF rose. Refutation of this hypothesis will require a comparative study of cap illary densities and recruitment in animals killed by various methods, including microwave.
One other incidental finding in this study de serves comment. Since a double-tracer method was used to determine the CBV, it was also possible to determine the brain tissue Hct and to examine its response to Paco2. In 1985, Sakai et aI. reported that the cerebral Hct decreased significantly with hypercarbia. This finding could not be confirmed in the current study. While the cerebral Hct appeared to be lower in decapitated animals, this was due entirely to the slightly lower arterial Hct observed in these animals. No intergroup differences in the ratio between the arterial and brain Hct could be found. Furthermore, we were unable to detect any changes in the cerebral Hct with Paco2. We cannot explain the differences between our results and those of Sakai et aI. However, it should be noted that Sakai et aI. measured normocarbic and hyper carbic plasma volumes and red cell volumes on dif ferent days in the same subjects. They also did not include a study group in which no CO2 changes were made. Hence, it is possible that the differ ences can be explained methodologically. It is also possible that either species differences or our fixa tion methods may have played some role.
In summary, these results clearly indicate that the method used to kill experimental animals may have a profound impact on the cerebral distribution space of nondiffusible tracers, and hence on the measurement of cerebral plasma and red cell vol umes. Killing methods that "fix" blood in situ may be preferable. No such effect was noted for diffus ible tracers (i.e., for the measurement of CBF). These findings should be considered in future stud ies of CBV.
